
Mighty mouse breakthroughs: a Sox2-driven
model for squamous cell lung cancer

Anandaroop Mukhopadhyay and Trudy G Oliver*

Department of Oncological Sciences; University of Utah and Huntsman Cancer Institute; Salt Lake City, UT USA

Keywords: lung cancer, mouse models, squamous, Sox2

Abbreviations: CNV, copy number variation; CRISPR, clustered regularly interspaced short palindromic repeats; HLA-A, human
leukocyte antigen-A; IKKa, inhibitor of nuclear factor kappa-B kinase subunit a; JAK, Janus kinase; KrasG12D, Kirsten rat sarcoma
viral oncogene homolog; Lkb1, liver kinase B1; mTOR, mammalian target of rapamycin; NF-&Kappa;b, nuclear factor kappa B;

NSCLC, non-small cell lung cancer; PD-L1, programmed death ligand 1; PI-3K, phosphoinositide-3-kinase;
Pten, phosphatase and tensin homolog; SCC, squamous cell carcinoma; Sox2, sex-determining region Y-box 2;

STAT, signal transducer and activator of transcription; TCGA, The Cancer Genome Atlas; Tp63, tumor protein p63.

Squamous lung cancer is a subtype of non-small cell lung cancer with a poor overall prognosis. We have recently
generated a mouse model of squamous lung carcinoma by overexpressing Sex-determining region Y-box 2 (Sox2) and
deleting liver kinase B1 (Lkb1) using a lentiviral approach. This model recapitulates the human disease in terms of
histopathology, biomarker expression, and signaling pathway activation, making it an excellent model for preclinical
studies.

Squamous cell carcinoma (SCC) of the
lung is the second most common subtype
of lung cancer, with a 5-year survival rate
of only 15%. The poor prognosis associ-
ated with SCC results from ineffective
standard of care chemotherapy and a lack
of alternative targeted therapies. Targeted
therapies that have positive responses in
adenocarcinoma, the other major subtype
of non-small cell lung cancer (NSCLC),
are often inadequate or contraindicated
for SCC. There is an urgent need to iden-
tify the genes and pathways driving SCC,
which should represent new therapeutic
targets.

Numerous studies have identified genetic
alterations in lung adenocarcinoma, but only
recently has lung SCC been extensively
explored at the genomic level (Figure 1). In
2012, The Cancer Genome Atlas (TCGA)
Research Network sequenced 178 human
SCCs.1 This study identified therapeutically
targetable mutations in lung SCC and also
highlighted genetic distinctions between
SCC and adenocarcinoma. This altered

genomic spectrum in SCC may explain why
targeted therapies for adenocarcinomas have
historically failed in SCC patients.

The TCGA study also revealed that
lung SCCs have an exceptionally high
mutation rate. This makes it challenging
to distinguish “driver” mutations, which
represent promising therapeutic targets,
from “passenger” mutations, which are
simply carried along for the ride. Mouse
models of adenocarcinoma and small cell
lung cancer have shown that although
mouse tumors have fewer genetic altera-
tions than their human counterparts, they
exhibit similar gene expression signatures
and acquire key genomic changes found
in the human disease.2,3 Mouse models
for lung SCC should thus provide a
genetic filter to pinpoint key pathways
driving the disease.

There has been an explosion of mouse
models for lung SCC over the last 7 years.
One of the first models generated involved
homozygous inactivation of liver kinase
B1 (Lkb1) in the context of Kirsten rat

sarcoma viral oncogene homolog
(Kras)G12D-driven lung tumors.4 This
resulted in a mixed spectrum of lung
tumor types, including squamous tumors.
A second mouse model was generated by a
knock-in of kinase dead inhibitor of
nuclear factor kappa-B kinase subunit a
(IKKa), which led exclusively to squa-
mous tumors.5 Recently, a conditional
genetic model involving simultaneous loss
of Lkb1 and Phosphatase and tensin
homolog (Pten) was developed.6 This
model exclusively generated squamous
lung tumors and is a major step forward
in the field.

In our recent work, we used a rapid,
reverse-genetic approach to deliver com-
binations of clinically relevant genetic
alterations specifically to the mouse lung
using lentiviruses.7 Bicistronic lentiviruses
were delivered specifically to the mouse
lung using intranasal inhalation, allowing
constitutive expression of 2 genes driven
by 2 separate promoters. Using this
approach we discovered that expression
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of Sox2 together with loss of Lkb1 led to
lung SCC with a latency of 5–7 months.
These tumors highly resembled human
SCC in terms of histopathology and
expression of SCC biomarkers including
keratin-5, keratin-14, and tumor protein
p63 (Tp63).7 This is clinically important
because Sox2 is one of the most com-
monly overexpressed and amplified genes
in lung SCC, but until now has not been
demonstrated as a driver of squamous
lung tumors.1,8 Our approach could eas-
ily be adapted to test the role of candi-
date genes or gene combinations that
drive lung SCC in a swift and relatively
inexpensive manner. With the advent of
clustered regularly interspaced short pal-
indromic repeats (CRISPR) technology,
this approach is amenable to altering
combinations of genes without the time
and expense of traditional genetic engi-
neering.

The mouse models highlighted here
have identified therapeutically relevant
pathways that are active in SCC—phos-
phoinositide-3-kinase (PtdIns-3K)/mam-
malian target of rapamycin (mTOR),
janus kinase (JAK)/signal transducer and
activator of transcription (STAT), nuclear
factor kappa B (NF-kB), and pro-
grammed death ligand 1 (PD-L1)—thus
underscoring the usefulness of in vivo
models. Squamous tumors generated in
both the Pten;Lkb1 loss and Lenti-Sox2;
Lkb1 models exhibit activation of the
mTOR pathway. Interestingly, immune-
related and inflammatory pathways are
commonly altered across all mouse models
of lung SCC: activated Stat3 pathway in
the Lenti-Sox2;Lkb1 mice, activated NF-
kB pathway in the kinase dead IKKa
knock-in mice, and an increase in immune
checkpoint molecule Pdl1 in the Pten;
Lkb1 loss mice. These findings are

clinically relevant as genomic
studies of human SCC reveal
somatic alterations in genes
involved in the immune
response, including human
leukocyte antigen-A (HLA-
A).1 In addition, immuno-
modulatory drugs are exhibit-
ing impressive response rates
in clinical trials.9 Although it
is currently not clear how to
predict which patients will
achieve durable responses to
immunotherapies, these
mouse models may serve as
tools to decipher the mecha-
nisms that dictate therapeutic
response.

Advances in mouse mod-
els of squamous lung tumors
have highlighted many pro-
vocative but unanswered
questions. It is unclear
whether SCCs arise from
basal cells or whether the
transforming events promote
basal cell differentiation.
This should be explored by
expressing candidate genes
that drive lung SCC in spe-
cific cell types of the lung. In
addition, World Health
Organization classification
(2004) recognizes 4 variants

or subtypes of SCC that can be stratified
by gene expression.10 It is unknown
whether the new SCC mouse models
resemble these human subtypes. Given
that each tumor subtype has different sur-
vival outcomes for patients,10 these sub-
types need to be modeled independently
to understand how they impact treatment
response. Finally, for efficient translation
of results obtained from mice to the
clinic, it is important to establish para-
digms for preclinical testing. Clinically
relevant mouse models need to be har-
nessed to investigate both responsiveness
and resistance to targeted therapy.

These are exciting times for lung SCC
research. High-throughput genome
sequencing has provided a global view of
the genetic alterations associated with
lung SCC. Functional implications of
these changes need to be elucidated using
in vivo models. Mouse studies have

Figure 1. Genetically engineered mouse models of lung cancer. Prominent large-scale genomic analyses and clini-
cally relevant mouse models of lung cancer subtypes are depicted. Mouse models of squamous cell lung cancer
have lagged behind those for adenocarcinoma and small cell lung cancer, but a recent explosion of mouse squa-
mous lung tumor models has suggested new therapeutically relevant targets. ALK, anaplastic lymphoma kinase;
Braf, v-raf murine sarcoma viral onco homolog B1; CNV, copy number variation; EGFR, epidermal growth factor
receptor; EML4, echinoderm microtubule associated protein like 4; Fgf9, fibroblast growth factor 9; FGFR2, fibro-
blast growth factor receptor 2; IKKa, inhibitor of nuclear factor kappa-B kinase subunit a; Kras, Kirsten rat sarcoma
viral oncogene homolog; Lkb, liver kinase B1; c-Myc, avian myelocytomatosis viral oncogene homolog; PIK3CA,
phosphatidylinositol 4,5-biphosphate3-kinase catalytic subunit a; p130, retinoblastoma-like 2; p53, tumor protein
p53; Pten, phosphatase and tensin homolog; Rb, retinoblastoma protein; Sox2, sex-determining region Y-box2;
Spc, surfactant protein C; TCGA, The Cancer Genome Atlas.
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implicated potential new drug targets for
SCC that need to be investigated in the

preclinical setting. Models such as these
will ultimately impact the lives of patients

suffering from this life-threatening
disease.
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